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A BSTR A C T
M odern m icroprocessor capabilities perm it th e  control designer to  consider using  
relatively com plicated  nonlinear control algorithm s, w hich would have been consid­
ered im practical in the past. T his thesis presents th e results o f a stu d y  of th e variable 
structure control and inverse control technique for the design of excita tion  and gov­
ernor controllers for a power system . Power system s w ith  a  single m achine connected  
to  an in fin ite  busbar as w ell as m ultim ach ine system s were considered. Control laws 
for rotor angle and field fiux are derived. T he closed loop sy stem  is shown to  be  
a sym p totica lly  stable. T he sy stem  can be transferred to  a  new operating condition  
corresponding to  any desired term inal voltage % and tie-lin e  power Pue.
Ill
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C hapter 1
INTRODUCTION
1.1 Nonlinear Control
The subject of nonlinear control deals with the analysis and the design of nonlinear con­
trol system s, i.e., of control systems containing at least one nonlinear component. In the 
analysis, a nonlinear closed-loop system  is assumed to have been designed, and we wish 
to determine the characteristics of the system ’s behavior. In the design, we are given a 
nonlinear plant to be controlled and some specifications of the closed-loop system behavior, 
and our task is to construct a  controller such that the closed loop system meets the desired 
characteristics. In practice, of course, the issues of design and analysis are intertwined 
because the design o f a nonlinear control system usually involves an iterative process of 
analysis and design.
Linear control is a  mature subject with a variety of powerful methods and a long his­
tory o f successful industrial applications. Thus, it is natural for one to wonder why so 
many researchers and designers, from such broad areas as aircraft and spacecraft control.
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robotics, process control, and biomedical engineering, have recently showed an active inter­
est in the development and applications of nonlinear control methodologies. Many reasons 
can be cited for this interest;
•  Im p ro v em en t o f  e x is t in g  co n tro l sy s te m s;  Linear control methods rely on the 
key assumption of small range operation for the linear model to be valid. When the 
required operation range is large, a  linear controller is likely to perform very poorly 
or to be unstable, because of the nonUnearities in the system cannot be properly 
compensated for. Nonlinear controllers, on the other hand, may handle the robot 
motion control problems. When a linear controller is used to  control robot motion, 
it neglects the nonlinear forces associated with the motion of the robot links. The 
controller’s accuracy thus quickly degrades as the speed of motion increases, because 
many o f the dynamic forces involved, such as Coriolis and centripetal forces, vary as 
the square of the speed. Therefore, in order to achieve a pre-specified accuracy in 
robot tasks such as pick-and-place, arc welding, and laser cutting, the speed of robot 
motion and thus productivity, has to be kept low. On the other hand, a conceptually 
simple nonlinear controller, commonly called the computed torque controller, can fully 
compensate the nonlinear forces in the robot motion and lead to high accuracy control 
for a very large range of robot speeds and a large workspace.
• A n a ly s is  o f  hard n o n lin ea rities: Another assumption of linear control is that the 
system model is indeed linearizable. However, in control system s there are many non- 
linearities whose discontinuous nature does not allow linear approximations. These so- 
called “Hard-Nonlinearities” include Coulomb friction, saturation, dead-zones, back­
lash, and hysteresis, and are often found in control engineering. Their effects cannot
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be derived from linear methods, and nonlinear analysis techniques must be developed 
to predict a system ’s performance in the presence o f these inherent nonlinearities. 
Because such nonlinearities frequently cause undesirable behavior o f the control sys­
tems, such as instabilities or spurious limit cycles, their effects must be predicted and 
properly compensated for.
•  D ea lin g  w ith  M o d e l U n ce r ta in tie s :  In designing linear controllers, it is usually 
necessary to assume that the parameters of the system  model are reasonably well 
known. However, many control problems involve uncertainties in the model parame­
ters. This may be due to a  slow time variation of the parameters {e.g.,  of ambient air 
pressure during an aircraft flight), or to an abrupt change in the parameters {e.g.,  in 
the inertial parameters of a  robot when a  new object is grasped). A linear controller 
based on inaccurate or obsolete values of the model parameters may exhibit signifi­
cant performance degradation or even instability. Nonlinearities can be intentionally 
introduced into the controller part o f the control system so that model uncertainties 
can be tolerated.
•  Good nonlinear control designs may be simpler and more intuitive than their linear 
counterparts.
There may be other related or unrelated reasons to use nonlinear techniques, such as cost 
and performance optimality. Linear control may require high quality actuators and sensors 
to  produce linear behavior in the specified operation range, while nonlinear control may 
permit the use of less expensive components with nonlinear characteristics.
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Figure 1.1: Mechanical and Electrical Torques in a generating unit
1.2 Control o f Generation
Control of generator units was the first problem faced in early power system  design. The 
methods developed for control of individual generators and eventually control of large in­
terconnections play a vital role in modern energy control centers.
A generator driven by a  steam turbine can be represented as a large rotating mass with  
two opposing torques acting on the rotation. As shown in figure 1.1, Tmech, the mechanical 
torque, acts to increase the rotational speed whereas Teiect, the electrical torque, acts to  
slow it down. When Tmeck and Teiect are equal in magnitude, the rotational speed, w, will 
be constant. If the electrical load is increased so that Tetect is larger than Tmech, the entire 
rotating system  will begin to  slow down. Since it would be damaging to let the equipment 
slow down too far, something must be done to increase the mechanical torque Tmech. to  
restore equilibrium, that is, to bring the rotational speed back to an acceptable value and 
the torques to equality so that the speed is again held constant.
This process must be repeated constantly on a power system  because the loads change 
constantly. Furthermore, because there are many generators supplying power into the 
transmission system , some means must be provided to  allocate the load changes to the 
generators. To accomplish this, a  series of control system s are connected to the generator
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units. A governor on each unit maintains its speed while supplementary control, usually 
originating at a remote control center, acts to allocated the generation.
1.3 Nonlinear Control o f Power System s
The control of power system  consisting o f interconnected networks of transmission lines 
linking generators and loads is an important problem. Ideally the loads must be fed at 
constant voltage and frequency at all times. In practical terms, this means that both voltage 
and frequency must be held within close tolerances. It is also necessary that machines do not 
lose synchronism following a system  fault. Random power im pacts occur during the normal 
operation of power system; this added power must be supplied by the generators. Further 
it is required to maintain a scheduled power exchange over the tie line in the interconnected 
system . The controller must be designed to perform these functions.
The problem o f power system  controller design has attracted many researchers and 
considerable work has been done using the linear dynamic system theory. These designs are 
based on linear models resulting from the linearisation of the nonlinear system about the 
steady state operating point. For large perturbations o f state variables, the linear model 
representation is not adequate, and there is need of nonlinear representation of synchronous 
machines in control system design.
Some attem pts have been made to design controllers for the nonlinear models of power 
system s. Using dynamic programming approach, an excitation and governor controller was 
designed [10]. A quasilinearisation technique was used to obtain a nonlinear excitation  
controller[13]. Wilson et al. obtained a nonlinear output feedback excitation controller 
based on nonlinear optimal- control theory and identification methods [19]. A dynamic
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sensitivity approach was used to  design a linear excitation and governor controller [4], [5]. 
Using the Lyapunov function of the Lure type, nonlinear load frequency control designs 
were presented [7, 6]. Non-linear excitation and governor controllers were designed using 
Decoupling Theory [17].
More recently, studies have been done on transient stability hierarchical control in multi­
machine system s [1], Integrated and coordinated control o f generator exciter, steam turbine 
and shunt braking resistor is described[8]. A load frequency control algorithm based on a 
generalized approach was proposed[ll]. Studies have also been done to evaluate the perfor­
mance of excitation controller in a stochastic environment[16]. Some approaches to control 
design and performance analysis of wind turbines were also presented[14].
In this thesis. Variable Structure Scheme as well as an Inverse control scheme wiU be 
applied to the design of excitation and governor controllers. The objective in this thesis 
will be to design a nonlinear integrated excitation and governor control schemes so that 
the closed-loop system is stable in a large region of state space, and asymptotically tracks 
the nominal terminal voltage, frequency, and tie-line power flow under load and parameter 
variations.
In this study, rotor angle S and field fiux xpj are chosen as controlled outputs. Indeed, 6 
and xpj are the basic variables which are directly influenced by the mechanical input torque 
to the synchronous machine and the field voltage, respectively. The basic approach taken 
in this paper, is to control S and xpj using the inverse control theory. Further responses 6 
and tpf are independently controlled by the command inputs of the respective subsystems.
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C h apter 2
MATHEMATICAL MODEL
2.1 Single Machine M odel
The system model used as a basis for the development of this thesis is shown in Figure 2.1. 
It comprises o f a single synchronous machine feeding into an infinite busbar, a  prime mover 
representation and an excitation system . The conventional control loops have not been 
retained, since they are not necessary for the present study. The generator is represented 
by a nonlinear third order model based on Park’s equations, with 6, 6 and xpf are the three 
state variables [2]. However, this simplified model is in no way essential, and is used only 
to make the example more tractable.
The nonlinear equations representing the machine, transmission line and the transform­
ers in terms of Park’s d -  q axes are given in Appendix. In (6.1), p„(t) and p„(t) represent 
known and predicted load-demand, respectively. Using (6.1) and (6.2) one obtains the 
variables i j ,  id, iq, xpd and xpq as functions of the state variables <5 and xpj, and these are 
substituted in the differential equations for 6 and xpj t o  obtain the equations [19]
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Figure 2.1: Single machine power system configuration
where
(5 =  Pi sin 2(5 -  -  PsV»/ sin (5 +  p4 -  P v ~ P v )
ipf =  ps cos è -  Peipf +  prEfd (2.1)
P i  =  w o V ' ^ { x g - x ' j ) / { 4 H { x i  +  x ^ ) { x t - { - X g ) )
P2 =  wokd/2-H
P3 =  u i o V x a f / ( 2 H x j { x t  +  x'^))
Pi =  (JqI2H
P s =  u a r } V x a s / { x f { x t 4 - x ' ^ ) )
P6  =  u o r f i x t  +  X d ) / { x f { x t  + x ' j ) )
pr =  o jo r j lx f
(2.2)
It is assumed that the turbine dynamics can be represented by a first order system with 
time constant Tt, and similarly the governor, with time constant Tg[7]. The equations
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representing the turbine and the governor are
TtTm. — —Tm +  Pg 
'̂ 9^9 ~  ~^9 "t" % (2.3)
The excitation system is assumed to be of first-order form [2], [12]
TeEfd =  - E f d  4- keUe (2.4)
The load Py{t)  changes continuously about its mean value. The control o f rapidly 
varying load Pv[t)  may involve large expenditure of control energy and severe stress on 
turbine-generator parts[3j. As such, the control law will be derived for the simplified model 
of the power system by assuming the unknown fluctuations Py{t )=0.
The set of equations for the simplified model o f the power system  obtained from (2.1), 
(2.3) and (2.4) by setting P „(t)= 0  can be written in vector form as
6 CJ
ù Pi sin 2(5 -  Pzw -  patpfsin S +  p4Tm -  PiPvi t )
■tjjf Ps cos S -  petpf +  prEfd
Èfd - E f d I T ,
Tm { - T m  +  Pg)/Tt
P9
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
10
+
G G
0 G
0 0
0 A 'e /ï;
0 0
1 / r ,  G
Ua
(2.5)
=  a (x ,t )  +
where state vector x  =  (S,ùJ,'ipf,Efd,Tm,Pg)'^, and control vector u =  (ug,Ue)^ and 
n(x, t) =  (ai(a:), 0 2 ( 2 :, t ) , . . . ,  Û6(a;))^ and T  denotes transpose. We assume that x ( /)  € X , 
where X  6 R® is the region of interest. The output vector to be controlled is given by:
y (t)  =
6 Xi
'Pj 2 : 3
A . . 
=  c (i) (2.6)
and c{x) =  (ci(a:),C 2 (x))^ .
We consider reference models to generate the command rotor angle <5̂ and command 
field flux ipfr to be tracked by the system of the form
4") +  +  /o(^r -  % ) =  G
V 'f.^ + /5 ^ y / +  /4(V’/ r - Ü : i )  =  0 (2.7)
where indicates the nth order of the derivative o f Sr and indicates the nth order 
of the derivative of rpjr. The feedback parameters / s ,  / i , . . . ,  /o are functions of the natural
(n)
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frequencies u„i and the damping co-efficients Q,  and R i ,  R 2  are external inputs. 
The transfer functions corresponding to  the above equations are
^r{s) _
R2{s ) -f  2(iW niS -t- -f- 2Q2<̂ n2S -|-
V'/r(a) ^ ^ ________
R \ { s )  {s^ +  2ÇunS 4 - ujrP)
(2 .8)
where s denotes a Laplace transform variable. In view o f (2.7) and (2.8)
h  =
/4 =
h  =  2(ClWnl +  C2^n2) (2.9)
Î2 =  +  4ClC2WnlWn2 +
/ l  =  2 (^ i W„2 - |-C 2 ‘*^nl )a^nia^n2
/o  =  (WnlWnz)^
By proper choice of the parameters of (2.8) we can obtain desirable responses for 6 and ipj.
We are interested in deriving a nonlinear state variable feedback control laws such that 
in the closed loop system , the variables 6 and ipf asymptotically track the reference trajec­
tory. By a  proper choice o f the reference trajectory desirable attitude o f the system can be
attained.
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2.2 M ultim achine M odel
The system  model used as a basis for the development of the present paper is shown in 
Figure 2.2. It comprises of three synchronous machines feeding into an interconnected 
power system .
The mathematical model o f the system  of n interconnected generators is given in the 
appendix. From this, we can obtain the model for a system  with n =  3. In an interconnected 
power system  with more buses than generators, we can eliminate all the nodes and retain 
the nodes containing only the generators. Writing equations (6.4) to (6.8) in a vector form, 
the following representation of the power system  model is obtained
X =  A{x)  +  Bu,  X S M  =  R 18 (2 .10)
where
X  =
X i
X2
Z3
and
Ei,  EfJii Pm.ii i i — 1 , 2 , 3 (2.12)
A (i)  =
A i{x )
A2(x)
A six )
(2.13)
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Figure 2.2: Multi machine power system configuration
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u:
a,i 
0,2 
a,3 
a,4
CtS
ût6
[-rf.o ;,- +  Y i j E i E j  s \ n (6 i j  +  5 , j ) j  / M i
~Ei + Efdi + {xdi -  Zj,) Ef=i YijEj cos{Sij + 0,-j)] /r ô,.
-EjdiTei
{ - P m i  +
, Z =  1 , 2 , 3
(2.14)
-
«1
Ugi Ugl
u  =
«2
,« 1  = Ug2 ,U2 = Ug2
«c3 Ug3
ui ,u2 e  R (2.15)
B  =
B i i  B\2 
B 21 B 2 2  
B 31 B 32
(2.16)
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Bii  =
0 0
0 0 0
0 0 0
0 0 k e i / T e i
0 0 0
0 0
B i 2  =
0 0 
0 0
0
ith  column
0
0
, z — 1 , 2 , 3 (2.17)
, i — 1 , 2 , 3 (2.18)
0 0 0
0 0 0
0 0 0
0 0 1/Tgi
îth  column
We choose the rotor angle 6, and the generator voltages Ei  as the controlled outputs of the 
system . We note that and E{ are two important variables of the synchronous machine 
and the rotor angles 6{ play an important role in the stability analysis of the power system. 
Furthermore, if the outputs E{ and <5,', i =  1,2,3, are analytic functions, and known over 
certain time interval and then, this information is sufficient to  determine uniquely the 
com plete state vector z( t )  for each t  over this interval. Let the output vector be given by
y{t)  =  C{x)  =  5^] , y{ t )  e (2.19)
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where
E  =  {E i , E 2, E s f ,  E £ E ?  (2.20)
f  =  (f i,f2 ,^ 3 )^ , ^ € ^ 3  (2.21)
We consider reference models to generate the command rotor angle 6r and generator voltage 
Er to be tracked by the system  of the form
4"^ +  /3 .< 5f +  l 2 iS l?  +  h i  d e l t a ÿ  +  foiiSir -  Æ,;) =  0
 ̂ +  h i E i r ^  +  M E i r  ~  R i l ) =  0 (2.22)
where indicates the nth order o f the derivative of and E-^^ indicates the nth order of
the derivative o f Eir. The feedback parameters /g,-, h i , . f a  are functions of the natural
frequencies cj„i and the damping co-efficients C,, and R n , R a  are external inputs.
The transfer functions corresponding to the above equations are
(2.23)
R i 2 { s )  {s^ +  2Cl,W„l,S +  W^i,-)(s2 -f 2C2iWn2>3 +  W 2̂i)
Eirjs) ^  U>1-
R i i ( s )  +  2(u;„iS +  u;'h)
where s  denotes a Laplace transform variable. In view of (2.22) and (2.23)
/s: —
h i  — w„,-
fsi  =  2(CltWnI,- +  C2:^n2,) (2.24)
h i  =  ^ l l i  +  4(liC2,WmiiWn2i +
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f u  =  2((iiWn2i +  C2iW„i,)o;„i,W„2,'
fai =  (w„i,Wn2 ,-)̂
By proper choice of the parameters of (2.23) we can obtain desirable responses for 6  and E.
We are interested in deriving a nonlinear state variable feedback control law such that
in the closed loop system , the variables 6  and E  asymptotically track the reference trajec­
tory. By a proper choice of the reference trajectory desirable attitude of the system can be 
attained.
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C hapter 3
VARIABLE STRUCTURE
CONTROL
3.1 Introduction
A variable strucutre system is one whose strucuture can be changed or switched abruptly 
according to  a certain sw itc h in g  logic whose aim is to  produce a desired overall behavior 
of the system . The simplest examples o f variable structure systems are re la y  or o n -o ff  
system s, in which the control input can have only two values, on or off. For example, home 
heating and cooling systems are o f this type where the thermostat regulates the temperature 
by alternatively switching the heating or cooling sytem on and off. We can give a simple 
example to  illustrate some of the unexpected properties of variable structure systems.
3.1.1 A n E xam ple
Consider the second order system  shown in figure 3.1. The control scheme is a  simple 
proportional control with gains a  or a  -f  /? depending on whether the switch is open or
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closed, respectively. We assume that a  <  1  and a  +  /3 >  1. W ith the switch open the 
equations of motion of the system  are given by
Xi  =  X2 , Xi  =  X — r
X2 -  - a x i  (3.1)
The system  here is oscillatory. With the switch closed the system is described by
Xl =  X2
X2 =  - { a  +  d p )x i  (3.2)
The above two sets of equations can be compactly expressed as
Xi =  X2
X2  = - ( a  +  d 0 )x i  d =  0 , l  (3.3)
If we now implement a switching logic of the form
d =  0  i f  X\X2 <  0
d = l  i f  x iX 2 >  0 (3.4)
the system  will be asymptotically stable. The switching logic causes the system  to  follow
the trajectories of 3.1 in the first and fourth quadrants and the trajectories of 3.2 in the
second and third quadrants. The resulting state trajectories spiral into the origin. Note
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
20
Figure 3.1: Switching Controller
that not only are the individual systems 3.1 and 3.2 are important but also the chosen 
switching logic is vital. For example if we chosses a different switching logic
d =  0  i f  X1 X2 >  0
d =  1 i f  X1 X2  <  0 (3.5)
then the resulting system  is unstable.
In the present context, the power system is controlled using a sliding controller based 
on the principles of Variable Structure System Theory. For the class of system s to which 
it applies, the sliding controller design provides a system atic approach to  the problem of 
maintaining the stability and consistent perfornaance in the face of modelling imprécisions.
Variable Strucure System theory involves the choice o f a hypersurface in the state space. 
A discontinuous control law is derived which switches when the system  trajectories cross 
this chosen hypersurface. This surface is commonly called as the ‘sliding surface’[9], [18].
Essential to the design of a variable structure control system is the selection of the 
switching surface. The control law is such that aU the trajectories are attracted towards 
this surface, and after reaching the surface they slide on it. The structure of the controller
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changes when the trajectory crosses the switching surface.
3.2 Single M achine M odel
3.2.1 Control Law for R otor A ngle
We choose a switching vector of the form
=  B \\e s  +  Bi^ès +  B isës  +  B\4 éj (3.6)
Where e$ ■= 8  — Sr- Notice that sj =  0, implies that es{t) —>■ 0, as t —»■ oo
We shall use a Lyapunov-based approach to derive the control law such that in the closed
loop system the trajectory eg(t) reaches the surface s i = 0  in a finite time and remains on it
thereafter. We choose a  Lyapunov function
^(^i) =1 Si 1
The function V (s i )  >  0 for 7 = 0. The control law is chosen such that the derivative of 
V along the solution of the closed loop system  satisfies V (t)  <  —ej <  0, whenever s i 7  ̂ 0.
Now we compute the derivative o f which in view o f [15] is given by
i l  =  B iié s  -j- Bi^ës +  B \z  ég -{-Bu es (3.7)
Substituting the appropriate derivatives of 8  we obtain
i l  = B \i8 -t- B \28 + .613 8 4-^14 8 —B ii8r — B \28r — B13 Sr —B 14 èr (3.8)
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We choose a control law of the form
TgTt
U g  — —  { B l l S r  + B \ 28t  +  B i z  Sr +^14 <̂r —&lSgn(s))5 i 4P4
where fci >  0 is to  be determined later,and
(3.9)
1, 3  > 0
sgn(s) =  X 0, 3 =  0
- 1 , 3 < 0
Substituting the value of Ug and appropriate values o f and in (3.3) we obtain
i l  =  Biiu: +  B i 2 Û ) Bizoj  +  Bi^[2picos266 — Api5\n266‘̂ -  P288  
- p z  sin +  psStfj cosS — pzif/S  cos(6 ) — p z i ’/S  cos 6  
- P 3 il>f6  ̂sin 6  -  -  L'isgn(s)
Now we shall find the gain ki such that V’(<) <  0 for the system.
>  \ B \ iu  +  B 1 2Ù +  B \zü  +  5 i4[2p i cos 266 — Api sin 266^ —
- p z  sin Sipj A- pzStpj cos 6  -  pzip/ 6  cos 6  -  pzijjfè cos i  
- p z i ; j 6 ^sïn 6 - ^ - ^ ] \ + e i
3.2 .2  Control for F ield  F lux
We choose a switching vector of the form
(3.10)
(3.11)
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S2 =  B 2 \e^ +  è^ (3.12)
where and B 21  >  0. Notice that $ 2  =  0 , implies that e^(t) —*• 0 , as t —»■ 0 0
We shall use a Lyapunov-based approach to derive the control law such that in the closed 
loop system the trajectory e-^{t) reaches the surface S2  =  0  in a finite time and remains on 
it thereafter. We choose a Lyapunov function
'̂(•8 2 ) = 1  52 I
The function V (s 2 ) > 0 for « 2  7  ̂ 0. Now we compute the derivative of S2  which in view of 
[15] is given by
32 =  B 2 iè^  +  (3.13)
h  =  B 2 ié^ +  ï} j  ~
=  B 2 ié^ -  ï)f r -  PS sin Suj -  Pelf f  +  PrÈfd
=  B 2 iéd> -  Tp/r -  Ps<^sin S -  peps cos S +
- P 6 P 7 B j d - ^ ^  +  ^ ^  (3.14)
We choose control law of the form
T.
“ e =  T— { - B 2 ié^  +  i>jT -  * 2 Sgn(s)) (3.15)
KePl
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where Æ2  > 0 is to be determined later and sgn(s) is as described before. Substituting (3.10) 
in (3.9) we obtain
32 =  - /c 2 sgn(s) -  psw sin 6  -  pePs cos (5 +  p l i f j  -  pePiEjd  -  (3.16)
 ̂e
Choose
h  >1 -p sw  sin -  pePs cos S +  plipf -  pePjEjd -  +  eg (3.17)
^ e
3.3 Simulation R esults For Single M achine M odel
In this section, we present the results of digital simulation to  evaluate the performance of 
the designed controller. The responses are presented for the system  of equations (2.5), (3.4) 
and (3.10). The simulation studies are presented for the following values of the parameters:
Wni =  9.0 Wn2 =  9.5 =  4.2432.
Cl =  0.707 C2  =  0.707 C =  0.707,
B ii  =  250. B i 2  — 100. B \ 3  =  10.
B i 4  =  1. B 21  = 5 .  Pu =  0.
€ 1  =  100. € 2  =  10. e =  0.005
ki and k2 are time varying functions computed using (3.6) and (3.12) respectively. The 
values are selected so that desirable faat responses without excessive requirements in Tm 
and E jd  are obtained.
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3.3 .1  R espon se to  Perturbation  in sta te
Figure 3.1 shows the response of the closed loop system  to  perturbation in the initial state. 
The command inputs are 8 r =  72° and ^ /r =  0.8228, giving the equilibrium condition of 
X* =  (72°, 0 ,0 .8228,2 .039,0 .898,0 .897)7’, and the corresponding V ‘  and are 0.9743 and 
0.898, respectively. Figure 2 shows that the system returns rapidly to the equilibrium state  
from the perturbed conditions of 6(0) =  108°, ^/(O ) =  0.4 and 6(0) =  200°s~L Extensive 
simulation results for various perturbed initial states showed that well-damped response of 
the system  are obtained. The response of the system can be made faster by increasing the 
natural frequencies w„,-. However, this requires larger values of Tm and Efd-
3 .3 .2  C ontrol under unknown p iecew ise constant load variations
Figure 3.2 shows the response of the system under the action of unknown piecewise constant 
load variation Pv(t). The value of Pv{t) is 0.1 for 0 <  t < 2 and 4 <  t <  6, and is zero 
for 2 <  t <  4. The command inputs are 6, =  66° and i>jT =  0.8512, which correspond to 
the equilibrium condition o f x* =  (66°, 0 ,0 .8512,1.885,0.895,0.892)7’ and V" =  0.985 and 
— 0-795. At each instant of load variation, transient begins and the system returns to 
the desired equilibrium state x* in about two seconds. For this system  a steady-state error 
is observed, which can be avoided by designing a servocompensator [17].
3 .3 .3  R espon se to stochastic  load
Figure 3.3 shows the response of the system to random fluctuations in p„(t).
p„(t) is Gaussian noise with mean of 0.1 p.u and standard deviation of 0.003. The command
inputs and x (0 ) are as in the previous case. Maximum variations in variables Vj and 6 were
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0.0017 and 21°3~^ respectively. The figure shows that Pue fluctuates about its desired value 
of 0.8. The value of i f /  remains at its steady-state value.
3.3.4 P aram eter sen sitiv ity
The control law is an explicit function o f various parameters of the power system. Thus, for 
any known changes in these parameters, the exact Variable Structure Control law can be 
obtained by using the new values of the perturbed parameters. However, in practice, some 
of the parameters are not known precisely. Simulation results are obtained for uncertainties 
of 10% in transmission-line reactance Xt and 5% in infinite busbar voltage V. The system  
was initially operating with command inputs of 6 r =  72° and ■^/r=0.8228, corresponding 
to desired values of P^*g=0.898 and Vj'=0.9743. Figure 5 shows the response of the system  
to perturbations in xt, V.  Control law shows only little sensitivity. The steady state errors 
in Vt and Ptie are 0.03, —0.039, respectively. Rotor angle and iff  attain the commanded 
values. The results are shown in Figure 3.4.
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Figure 3.1a: Perturbation in State, Rotor angle 6(Single Machine Model)
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Figure 3.1b: Perturbation in State, Field Flux ^/((Single Machine Model)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
28
P tie
Vt
0.7
0.6
0.5
0 21 3 64 5
t im e
Figure 3.1c; Perturbation in State, Machine Torque Tie line power Pne and Terminal 
Voltage Vt
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Figure 3 .Id: Perturbation in State, Frequency w (Single Machine Model)
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Figure 3 .le: Perturbation in State, Field Voltage E jd  (Single Machine Model)
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Figure 3.2a: Piecewise constant load variations, Rotor Angle ^(Single Machine Model)
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Figure 3.2b; Piecewise constant load variations, Tie line Power Pue, Load Variation Pv 
(Single Machine Model)
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Figure 3.2c: Piecewise constant load variations, Frequency w (Single Machine Model)
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Figure 3.2d: Piecewise constant load variations, Field Voltage Efd, Machine Torque T„ 
(Single Machine Model)
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Figure 3.3a: Random Load Fluctuations, Rotor Angle 8 (Single Machine Model)
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Figure 3.3b: Random Load Fluctuations, Tie Line Power Flow Puf. and Load fluctuations 
Pt, (Single Machine Model)
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Figure 3.3c: Random Load Fluctuations, Frequency u> (Single Machine Model)
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Figure 3.4a: Parameter Sensitivity, Rotor Angle 8  (Single Machine Model)
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Figure 3.4b: Parameter Sensitivity, Tie Line Power Ptie, Terminal Voltage Vt and Field 
Flux (Single Machine Model)
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3.4 M ulti M achine M odel
3.4.1 Control for R otor A ngle
For the three machines in the system , we choose switching vectors of the form (for i =  1,2,3)
s u  = Pil Pi2 PiZ Pi4
esi
èsi
ësi
é'si
(3.18)
where esi =  8 ; -  Sir. Notice that Si,- =  0, implies that eg, —> 0, as t oo
We shall use a Lyapunov based approach to derive the control laws such that in the closed 
loop system  the trajectory egi(t) reaches the surface 5 i,= 0  in a finite time and remains on 
it thereafter. We choose a Lyapunov function
V(Sii) =1 I
The function F (s i ,)  >  0 for s i, 0. The control laws are chosen such that the derivative 
of V along the solutions of the closed loop system satisfies V( t )  < —€u <  0, whenever 
si,- 7  ̂ 0. Now we compute the derivative of s u  which in view of [15] is given by
8 ii =  Pilé Si +  P izh i  +  Piz é'si +Pi4 é'si (3.19)
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h i  — P i l h  +  P i2 ^ i + P l3  S i + P i4  6i - P i l è i r  -  P{2Ô ir ~  P i3  h r  ~ P i4  4 (3.20)
We choose control laws of the form
Ugi =  TgiTtiMi [ -P iié s i  -  Piï'ési -  Piz eg,- + P .-4 ù'ir - t i , s g n ( s ) ] , i =  1 ,2 ,3  (3.21)
Where k u  >  0 is to be determined later, and
sgn(s) =
1, s >  0
0, s =  0
- 1 , s <  0
The value of Ugi and appropriate values of and 5,-"̂  can be substituted in (3.15). 
Now we can obtain the value of the gains ku  such that V (t) <  0 for the system.
3.4.2 Control For Field Signal
We choose switching vectors of the form
•S2i =  Qzi^Ei +  és i (3.22)
where CEi =  Pi  -  Eir and Qzi >  0. Notice that sg, =  0, implies that e£,-(t) —)• 0, as t ^  oo 
We shall use a Lyapunov based approach to  derive the control laws such that in the 
closed loop system  the trajectory eg (() reaches the surface S2 i =  0 in a finite time and
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remains on it thereafter. We choose Lyapunov Functions
V{S2i)  = i  •S2: I
The function F (s 2 t) > o for Szi 7  ̂ 0. Now we compute the derivative of 6 2 , which in view of 
[15] is given by
h i  =  Q 2 iéEi +  ë s i  (3.23)
Substituting the appropriate derivatives o f Ei and Eir we obtain
•̂ 2: = Q l i E i  +  È i  -  Q z i È i r  -  È ir  (3.24)
We choose the control laws of the form
Uei =  - ^ { - Q 2 i é E i  + Ë ir  -  Tjo,^2:Sgn(s)) (3.25)
where k 2 i > 0  is to  be determined later, and sgn(s) is as described before.
The values of uu  and appropriate values of Ep and P," can be substituted in (3.19). 
Now we can obtain the value of the gains kzi such that F (t)  < 0 for the system.
T h e o r e m  1  Consider the system  (2.5) with the control laws (3.4) and (3.10). Suppose 
that in the closed-loop system the states are bounded and  ^jr(^) and Eirit) are such that the 
trajectory x{ t )  6  X ,  for  t >  0. Then the surface S =  0 is reached in finite time and the 
attitude tracking errors approach zero as t oo.
R em a rk  1  The control laws are discontinuous functions of 6 i and Ei and its  derivatives 
causes chattering phenomenon. However chattering can be avoided i f  a continuous approx­
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imation of the function sgn{s) is used in (3.4) and (3.10). For the purpose o f  simulation  
we shall replace sgn(s) by
1, s >  €
sat(s)  =  < —e <  g <  E
— 1, 5 <  e
It is well known that this approximation causes small terminal tracking error which tends
to zero as e —̂ 0.
3.5 Sim ulation results for the m ulti machine m odel
In this section, we present the results o f digital simulation to evaluate the performance of the
designed controller. The responses are presented for the system  o f equations (2.10),(3.16)
and (3.20). The simulation studies are presented for the following values of the parameters:
a^nli — 0.0 “  0,5 — 4-.0
c =  0.707 Cl.' =  0.707 Czi =  0.707 
Pii =  250. Pi2  =  100. Pi3  =  10.
P4 i =  1. (?2: =  10. c =  0.005
The above values can be tuned so that desirable fast responses without excessive require­
ments in Tmi and Ejdi are obtained.
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3 .5.1 R esponse to  Perturbation  in sta te
Figure 3.5 shows the response of the closed loop system to perturbation in the initial state. 
The command inputs are 6 %̂ =  20°, -  22°, 6 3  ̂ =  24° and Eir =  1.0, Egr =  1.0, E zt =  1,0.
Figure 2 shows that the system rapidly returns to the equilibrium state from the perturbed 
condition of =  62°, <52 =  60°, ^ 3  =  58° and E \  =  0.6, F? 2  =  0.7, ^ ^ 3  =  0.48. The values 
of Wf are set at 120°s~^. Extensive simulation results for various perturbed initial states 
showed that well-damped response of the system  are obtained. The response o f the system  
can be made faster by increasing the natural frequencies Uni- However, this requires larger 
values of Tmi a-nd Ejdi-
3.5.2 Control under unknown piecew ise constant load variations
Figure 3.6 shows the response of the system under the action of unknown piecewise constant 
load variations. The value of this load is 0.1 for 0 < t <  2 and 4 <  t <  6 , and is zero for 
2 <  t <  4. The command inputs are d,> =  28° and E{ =  1.0, which corresponds to  the 
equilibrium condition in the state vector. At each instant o f load variation, transient begins 
and the system  returns to the desired equilibrium state X “ in about two seconds. For 
this system a  steady state error is observed, which can be avoided by designing a servo- 
compensator [17].
3 .5 .3 R esponse to  stochastic  load
Figure 3.7 shows the response o f the system to random load fluctuations. The random load 
fluctuations are assumed to be Gaussian noise with mean of 0.1 p.u and standard deviation 
of 0.003. The command inputs x ( 0 ) are as in the previous case. Maximum variation in
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variable 6 { is 9°s~^. The field voltages remain at their steady state values.
It is obvious that the command inputs R i  and for the single machine systems and 
R i2 and R n  for the multi machine system  independently control 6  and E  o i rpj respectively. 
The reference trajectories represent single-input and single-output systems. The parameters 
Ui and Ct are chosen to  provide linear dynamic properties for the responses in 6  and E  or 
rpf.
The Variable Structure Control Law has been derived for the simplified model o f the 
single as well as multi machine power system in which the unknown fluctuations in the load 
are zero i.e., =  0. In practice the system has unknown fluctuations in the load demand
py and parameter variation during operation of the power system. Under such system the 
reference trajectories used above may cause the system responses of 6  and E  ox ipj Xo have 
small coupling. The load disturbances a nd parameter variations may cause the system  
to settle down with undesirable steady-state errors in <5 and E  or ipf.  This problem can 
be overcome by designing a servo compensator as suggested in [17], for unknown constant 
disturbance. Also, to reduce the control effort, it could be held to a constant value and this 
may slow down the system.
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Figure 3.5a: Perturbation in State, Rotor angle (5(MuIti Machine Model, Machine 1)
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Figure 3.5b: Perturbation in State, Field Signal £^((Multi Machine Model, Machine 1)
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Figure 3.5c: Perturbation in State, Frequency w (Multi Machine Model, Machine 1)
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Figure 3.5d: Perturbation in State, Field Voltage E f j i  (M ulti Machine Model, Machine 1)
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Figure 3.6a: Piecewise constant load variations, Rotor Angle (Multi Machine Model, Ma­
chine 1)
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Figure 3.6b: Piecewise constant load variations. Frequency w (Multi Machine Model, Ma­
chine 1)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
43
Efdi pu
Figure 3.6c: Piecewise constant load variations, Field Voltage E/ di ,  (Multi Machine Model, 
Machine 1)
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Figure 3.7a: Random Load Fluctuations, Rotor Angle 6  (Multi Machine Model, Machine 
1)
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Figure 3.7b: Random Load Fluctuations, Frequency w (Multi Machine Model, Machine 1)
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3.6 A sym ptotic Response Of Closed-Loop System
It is o f interest to investigate the response of the system  when constant external inputs 6 r 
and ipfr have been applied, and Pv{t) =  Pvo, a constant. We note that the parameters w„, 
and Çi are chosen so that the reference trajectories are asymptotically stable, and 6 (t) —*• Sj. 
and ipf{t) —>■ as < — 0 0 . Setting the derivatives of S and V'/ to  zero, we can obtain for 
t —>■ oo
(5* =  Sr
=
w* =  0
r ; =  ( - - sin 2Sr +  — Tpr sin 6r)
P3 Vi
=  ( - ? c o s  Sr -F — Ipfr)
P7 P 7
=  r ;
(3.26)
where x* =  (6", ^ÿ,w", is the equilibrium state. Thus the closed-loop system
is asymptotically stable and x ( t )  —»• x* as f > oo. Although the above analysis assumes 
that Pv{t)  =  0, by digital simulation it can be shown that the system remains stable even 
when Pv(t)  0.
It appears from the above analysis that the closed-loop system  is globally asymptotically 
stable. This wiU be possible when there is no limit on the maximum turbine output and the 
field voltage. W ith constraints on the magnitudes of and the closed loop system  
has a finite domain of stability. This domain of stability is enlarged if the limits on I ’m and 
E j i  are raised.
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The terminal voltage and the tie-line power are given by[6]
1/2
Vi =
' ya;,sin<i V   ̂ / Vx'^cosS XgfXt-tpf
x , j + x t  J  \  -F z  j x f ( x t  +  x'^)J
Ptie =  ( -  — sin2<5-F — ^ /s in d )  (3.27)
Pi Pi
As 6  and ■0/ converge asymptotically to  Sr and 0/^ , Vj and Ptie also attain constant values. 
For a given pair of ( F / ,  P^'g), (3.22) has a solution (S‘ , 0y). Therefore, we can transfer the 
system from any initial condition to the desired equilibrium state corresponding to the pair 
(F*,P(*g) by applying external inputs Sr =  6 ” and 0 /r  =  0y.
It should be noted that, when some of the parameters of the power system change, 
Vt* and P̂ tg may have small steady-state errors, since command inputs Sr and 0/^ have 
not changed from their nominal values, and S —* Sr and 0 /  0/^. Since S and 0 /  are
independently controllable, the steady-state errors in Vt and Ptie due to parameter variations 
can be reduced to  zero by giving small changes in the command inputs Sr and ipjr-
In a similar approach, the operating point for the system  can also be obtained for the 
multi machine model.
3.7 Discussion O f The R esults
The results of the simulation study can be summarised as follows:
1. The system  rapidly attains its equilibrium state for large perturbations in state.
2. The rotor angle and field flux are independently controlled. The system  state can be 
transferred to  a new sta te  corresponding to any desired terminal voltage and tie-line 
power flow.
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3. The control magnitude requirements are moderate.
4. Control law has little sensitivity to  parameter variations, and steady-state errors in 
Vt and Ptie, caused by uncertainty in parameters, can be wiped out by giving small 
changes in command inputs.
5. The effect of stochastic disturbances on the response is small, and the response 0 /  
remains unaffected.
We have carried out an exploratory study of the applicability of variable Structure Control. 
The controlled variables are S and 0 / ,th e  governor and excitation control signals. In this 
system  6  and 0 /  are governed by fourth and second-order differential equations respectively. 
The system was shown to be stable for large perturbations in the initial state. Desirable 
fast and well damped responses in S and 0 /  were obtained. It was also shown that the 
system asymptotically tracks the desired Vt and Ptie under piecewise constant disturbance 
loads. Control law was shown to have only little sensitivity to uncertainty in infinite-busbar 
voltage and transmission line reactance.
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C hapter 4
INVERSE CONTROL
4.1 Introduction
In this chapter an inverse control control law for attitude control will be derived. The 
term ‘inverse’ results from the dynamics of the problem wherein one has to formulate a  
control input such that the chosen outputs follow a desired trajectory. The primary aim is 
to determine a nonlinear control law based on the inversion of the input-output map; the 
input constituting of the exciter and governor control signals and the output, rotor angle 6  
and field flux ipj. The inversion algorithm leads to a series of differentiation of the outputs 
until a term containing the input appears in the resulting expressions. In order to  increase 
the robustness of the controller we may include an integral feedback of the output error.
In general, in Inverse Control Scheme the idea is to obtain a linear input-output map for 
the nonlinear system. Output equation is differentiated r times so that the input appears 
in the equation. Then r  wiU be the Relative Degree of the system . Consider a system
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X =  f ( x )  +  g (x )u (t)  (4.1)
g =  h(x)
By successively differentiating the output we obtain
d h i .
=  t o "
rib-
=  L fh i{x ) +  LgLfh{(x)u{t)
Vi =  L}h i(x)  +  LgUf ^hi{x)u{t) 
=  a - + b - u { t )
where is the derivative o f y,
(4.2)
=  a-{x) +  B^ix)u(t)  (4.3)
Now let y[’ =  w,-. Then
u(t) =  [-0*  +  w,] (4.4)
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where w,- is the output error equation.
4.2 Single Machine M odel
4.2 .1  C ontrol for rotor angle and field flux
In this section we shall derive the control law for rotor angle delta and field flux using the 
inverse control scheme. In inverse control scheme, the output is differentiated successively 
until an input term appears. We consider the output vector to be controlled is given by 
(2 .6)
Xi
y(0 =
<5
0 /
A  I . =  c(z) (4.5)
We now differentiate the output c(x) successively (x i  is differentiated four times and X3  is 
differentiated two times) tiU input term appears. The equations may be written as
Xi
%3
A X  +  B U (4.6)
Where
A  =
Cl
«2
in which
(4.7)
a\ =  -4p iu ;sin 25  +  2piw cos2(i — P2 W — P 30/w cosd
+P 3 0 /w^ sin 6 -  P3 W0 /  cos 6 +  pzps sin^ S +  P3 Ps0 / s in  6 
■\-p3 P7  sin 6 ̂  -  P3 W0 /  cos 6 -  ^ f m  -
J-e J-t l U g
(4.8)
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(4.9)
We define B  as
B = 5?«7
- P 3 P 7  s in i5 A %  
Te
PjKe
Te
We define the output error equation as
where
W  =
Wl
W2
(4.10)
(4.11)
and
Also
and
^1 — —̂ 24 ÿl —R isÿ l — R l2ÿl — -̂ 21 1̂+ ÿsr (4.12)
2/1 =  2/1 -  ySr
yi =  s
(4.13)
W2 = - R \ 2ÿ2 -  R u h  + ÿ<p]r (4.14)
ÿ 2  =  V 2 -  V i,jrO ‘'n d  1J2 =  0/ (4.15)
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We choose the control law of the form
U = [W -  A] (4.16)
Where
U  = (4.17)
It is obvious that for this control law to  exist matrix B  should be non-singular. The 
elements (1,1) and (2,2) of matrix B are machine constants and hence are non-zero. Thus 
the determinant o f matrix B  is non-zero and inverse exists.
4.3 Simulation results for single machine m odel
In this section, we present the results of digital simulation to evaluate the performance of 
the designed controller. The responses are presented for the system  of equations (2.5) and 
(4.16). The simulation studies are presented for the following values of the parameters:
Wni =  9.0 LVn2 =  9.5 Lû„ =  4.2432.
Cl =  0.707 C2  =  0.707 C =  0.707,
4 .3 .1  R e s p o n s e  t o  P e r tu r b a t io n  in  s t a t e
Figure 4.1 shows the response o f the closed loop system to perturbation in the initial state. 
The command inputs are ysr =  72° and y-^fr=- 0.8228, giving the equilibrium condition of 
X *  =  (72°, 0 ,0 .8228,2.059,0.901,0.901)^ , and the corresponding and are 0.9746 and
0.901, respectively. Figure 2 shows that the system returns rapidly to  the equilibrium state
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from the perturbed conditions of 5(0) =  108°, 0 / (0 )  =  0.4 and 5(0) =  200°s“ .̂ Extensive 
simulation results for various perturbed initial states showed that well-damped response of 
the system are obtained. The response o f the system can be made faster by increasing the 
natural frequencies ojni- However, this requires larger values o f T„ and Ejd.
4.3 .2  Control under unknow n piecew ise constant load variations
Figure 4.2 shows the response of the system  under the action of unknown piecewise constant 
load variation p„(t). The value of Pv(i) is 0.1 for 0 <  < <  2 and 4 <  t <  6, and is zero 
for 2 <  t <  4. The command inputs are ysr =  66° and y- ĵ  ̂ =  0.8512, which correspond to 
the equilibrium condition o f x* =  (66°, 0 ,0 .8512,1 .898,0 .900,0 .899)^  and V* =  0.985 and 
Piie — 0.800. At each instant o f load variation, transient begins and the system returns to 
the desired equilibrium state x* in about two seconds. For this system a steady-state error 
is observed, which can be avoided by designing a servocompensator{l7].
4.3 .3  R esponse to stoch astic  load
Figure 4.3 shows the response of the system  to random fluctuations in Pv{i)- 
Pv(i) is Gaussian noise specified mean o f 0.1 p.u and standard deviation of 0.003. The 
command inputs and x (0 ) are as in the previous case. Maximum variations in variables Vj 
and 5 were 0.0017 and 25°5~^ respectively. The figure shows that P,,g fluctuates about its 
desired value of 0.8. The value of 0 /  remains at its steady-state value.
4 .3 .4  Param eter sen sitiv ity
The control law is an explicit function o f various parameters o f the power system . Thus, for 
any known changes in these parameters, the exact Variable Structure Control law can be
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obtained by using the new values of the perturbed parameters. However, in practice, some 
of the parameters are not known precisely. Simulation results are obtained for uncertainties 
of 10% in transmission-line reactance xt and 5% in infinite busbar voltage V. The system  
was initially operating with command inputs of ysr =  72° and =0.8228, corresponding 
to desired values o f Pj*g=0.901 and Vj*=0.9746. Figure 5 shows the response o f the system  
to perturbations in Xf, V . Control law shows only little sensitivity. The steady state errors 
in Vi and Pne are —0.03, 0.0015, respectively. Rotor angle and 0 /  attain the commanded 
values. The results are shown in Figure 4.4.
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Figure 4.1a: Perturbation in State, Rotor angle 6(Single Machine Model)
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Figure 4.1b: Perturbation in State, Field Flux ^ /((S ingle Machine Model)
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Figure 4.1d: Perturbation in State, Frequency w (Single Machine Model)
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Figure 4 .le: Perturbation in State, Field Voltage E jd  (Single Machine Model)
76
74
72
70
68
66
64
62
60
58
56
0 1 2 3 5 64
t ime
Figure 4.2a: Piecewise constant load variations, Rotor Angle ^(Single Machine Model)
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Figure 4.2b: Piecewise constant load variations, Tie line Power P(,e, Load Variation 
(Single Machine Model)
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Figure 4.2c: Piecewise constant load variations, Frequency w (Single Machine Model)
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Figure 4.2d: Piecewise constant load variations, Field Voltage E /d ,  Machine Torque T„ 
(Single Machine Model)
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Figure 4.3a: Random Load Fluctuations, Rotor Angle S (Single Machine Model)
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Figure 4.3c: Random Load Fluctuations, Frequency w (Single Machine Model)
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Figure 4.4a; Parameter Sensitivity, Rotor Angle 5 (Single Machine Model)
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Figure 4.4b: Parameter Sensitivity, Tie Line Power Pne, Terminal Voltage Vt and Field 
Flux ipf (Single Machine Model)
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4.4  M ulti Machine M odel
4.4.1 C ontrol for rotor angle and field signal
In this section we shall derive the control law for rotor angle and field signal for the multi 
machine system  using the inverse control scheme. As earlier, the output is differentiated 
successively until an input term appears. We consider the output vector to be controlled, 
which is given by
y( i)  =  C (x )  =  E '^ Y  (4.18)
We now differentiate the output vector c(x)  successively (6,- is differentiated four times and 
Ei is differentiated two times) till input term appears. The equations may be written as
ài
Ëi
=  A iX j +  B ;U j, i =  1 ,2 ,3 (4.19)
Where
We define B j as
A j =
Oi,
a<2i
B i =
B iii  Bi2i
0 B22i
We define the output error equation as
(4.20)
(4.21)
W j =
w u
W2i
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Wu = -Ri4 ÿii -Riaÿii -  Ri2ÿu -  Rnÿu+ ysli (4.23)
and
Vu =  Vu -  ysr (4.24)
Also
yu  =
W2i = - R u h i  -  R n h i  +  i/Er (4.25)
and
h i  =  V2i -  VEriO-nd 2/2, =  Ei (4.26)
We choose the control law o f the form
U î =  B ; - i  [ W j - A i ] (4.27)
Where
U i =
Ugi
tlei
(4.28)
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Once again for this control law to  exist matrix Bj should be non-singular. The elements of 
matrix B; are machine constants and hence are nonzero. Thus the determinant o f matrix 
Bj is non-zero and its inverse exists.
4.5 Simulation results for m ulti machine m odel
In this section, we present the results of digital simulation to evaluate the performance of 
the designed controller. The responses are presented for the system  o f equations (2.10) and 
(4.27). The simulation studies are presented for the following values of the parameters:
Wnl:i =  9.0 ^n2 t =  9.5 ^ni =  4.0
c = 0.707 Ci.' = 0.707 h i =  0.707
Pil =  250. £ . 2  == 1 0 0 . Pi3 =  1 0 .
P4i =  1 . Q2i -= 1 0 . e = 0.005
The above values can be tuned so that desirable fast responses without excessive require­
ments in Tmi and E/di are obtained.
4.5 .1  R esponse to  P erturbation  in sta te
Figure 4.5 shows the response of the closed loop system to  perturbation in the initial state. 
The command inputs are =  20°, 2̂ r =  22°, 3̂ r =  24° and Eir =  1.0, E^r =  1.0, Esr =  1.0.
F igure shows that the system  rapidly returns to the equilibrium state from the perturbed
condition o f Si =  62°, ^ 2  =  60°, ^ 3  =  58° and E j =  0,6, E 2 =  0.7, £ ' 3  =  0.48. T he values 
o fw f are set at 120°s“ .̂ Extensive simulation results for various perturbed initial states 
showed that well-damped response of the system are obtained. The response o f the system
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can be made faster by increasing the natural frequencies w„,-. However, this requires larger 
values of Tmi and £ /* •.
4.5.2 Control under unknown p iecew ise constant load variations
Figure 4.6 shows the response o f the system  under the action of unknown piecewise constant 
load variations. The value of this load is 0.1 for 0 <  t <  2 and 4 <  t < 6, and is zero for 
2 <  t <  4. The command inputs are =  28° and £,• =  1.0, which corresponds to the 
equilibrium condition in the state vector. At each instant of load variation, transient begins 
and the system returns to  the desired equilibrium state X*  in about two seconds. For 
this system a steady state error is observed, which can be avoided by designing a servo- 
compensator[17].
4.5 .3  R esponse to  stochastic  load
Figure 4.7 shows the response of the system  to random load fluctuations. The random load 
fluctuations are assumed to be Gaussian noise with mean of 0.1 p.u and standard deviation 
of 0.003. The command inputs x (0 )  are as in the previous case. Maximum variation in 
variable 6, is 2 .2°s“ .̂ The field voltages remain at their steady state values.
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Figure 4.5a: Perturbation in State, Rotor angle ^(Multi Machine Model, Machine 1)
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Figure 4.5b: Perturbation in State, Field Signal F7((Multi Machine Model, Machine 1)
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Figure 4.5c: Perturbation in State, Frequency w (Multi Machine Model, Machine 1)
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Figure 4.5d: Perturbation in State, Field Voltage E jd i  (Multi Machine Model, Machine 1)
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Figure 4.6a: Piecewise constant load variations, Rotor Angle (5(Multi Machine Model, Ma­
chine 1)
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Figure 4.6b: Piecewise constant load variations. Frequency w (Multi Machine Model, Ma­
chine 1)
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Figure 4.6c: Piecewise constant load variations, Field Voltage E jd i,  (Multi Machine Model, 
Machine 1)
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Figure 4.7a: Random Load Fluctuations, Rotor Angle S (Multi Machine Model, Machine 
1)
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Figure 4.7b: Random Load Fluctuations, Frequency w (Multi Machine Model, Machine 1)
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4.6 D iscussion o f the results
The results of the simulation study can be summerised as follows:
1. The system  rapidly attains its equilibrium state for large perturbations in state.
2. The rotor angle and field flux are independently controlled. The system  state can be 
transferred to  a  new state corresponding to any desired terminal voltage and tie-line 
power flow.
3. The control magnitude requirements are moderate.
4. Control law has little sensitivity to parameter variations, and steady-sta te errors in 
Vt and Ptie.1 caused by uncertainty in parameters, can be wiped out by giving small 
changes in command inputs.
5. The effect of stochastic disturbances on the response is small, and the response V»/ 
remains unaffected.
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C hapter 5
CONCLUSIONS
We have carried out an exploratory study of the applicability o f Inverse Control Theory. 
The controlled variables are S and ^ /,th e  governor and excitation control signals. In this 
system S and ipf are governed by fourth and second-order differential equations respectively. 
The system  was shown to be stable for large perturbations in the initial state. Desirable 
fast and well damped responses in 6 and V’/  were obtained. It was also shown that the 
system asymptotically tracks the desired Vt and Ptie under piecewise constant disturbance 
loads. Control law was shown to have only little sensitivity to uncertainty in infinite-busbar 
voltage and transmission line reactance.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
73
BIBLIOGRAPHY
[1] A h m ed , R ., a n d  V i l l a s e c a ,  F. E . Transient stability hirarchical control in multi- 
machine power systems. IEEE Transactions on power systems 4-, 4 (1989), 1438-1444.
[2] A n d e r s o n ,  J . H ., a n d  R a in a , V . M . Power system  excitation and governor control 
using optimal control theory. International Journal of Control 12 (1972), 289-308.
[3] C a l v i c , M. Linear regulator design for a load frequency control. IEEE Transactions  
on power apparatus and systems 91 (1972), 2271-2281.
[4] D a n ie l s ,  A. R ., L ee , Y. B ., a n d  P a l ,  M. K. Non-linear power system optimization  
using dynamic sensitivity analysis. lE E  Proceedings 123, 4 (1976), 365-370.
[5] D a n ie l s ,  A . R ., L e e , Y . B ., a n d  P a l ,  M . K . Combined sub-optim al excitation  and 
governing o f a.c trubogenerators using dynam ic sensitivity analysis. lE E  Proceedings 
124, 5 (1977), 473-478 .
[6] D o r a is w a m i, R. a  nonlinear load-frequency control design. IEEE Transactions PAS-  
97  (1978), 1278-1284.
[7] D o r a is w a m i, R ., a n d  G o n d a r , U. C. M . The design and stability of a multiarea 
load freqency control under varying loads. IEEE P E S  winter meeting (1978).
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
74
[8] ISHiGURO, F . ,  T a n a k a ,  S . ,  S h i m o m u r a ,  M . ,  M a e d a ,  T . ,  M a t s u h i t a ,  K . ,  a n d  
SuGlMOTO,  H. Coordinated stabilizing control of exciter, turbine and braking resistor. 
IEEE Transactions on power systems 1 (1986), 74-80.
[9] I t k i s ,  U. Control systems of variable structures. John W iley and sons. New York, 
1976.
[10] I y e r , S. N ., a n d  C o r y ,  B. J. Optimal control of a turbogenerator including exciter 
and governor. IEEE Transactions P A S  90  (1971), 2142-2148.
[11] M a l i k ,  O. P ., K u m a r ,  A . ,  a n d  H o p e ,  G . S. A  load-frequency control algorithm  
based on a generalized approach. IEEE Transactions on power systems 3  (1988), 375- 
382.
[12] M e l l o ,  F . p .,  a n d  C o n c o r d i a ,  C .  Concepts o f synchronous machine stability as 
affected by excitation control. IEEE Transactions on power apparatus and systems 88 
(1969), 316-329.
[13] M u k h o p a d h y a y ,  B. K ., a n d  M a l i k ,  0 .  P . Optimal control of synchronous machine 
excitation by quasilinearization techniques. lE E  Proceedings, 119 (1972), 91-98.
[14] M u r d o c h , A ., W in k le m a n , J . R ., J a v id , S. H ., a n d  B a r t o n ,  R . S. Control 
design and perform ance analysis o f  a  6m w wind turbine-generator. IEEE Transactions 
on power apparatus and systems 102 (1983), 1340-1347 .
[15] P a d e n ,  B. E . ,  a n d  S a s t r y ,  S .  S .  Calculus for computing fllippov's differential 
inclusion with application to the variable structure control o f  robot manipulators. IEEE  
Transactions on Circuits and Systems 34 (1987), 73-82.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
/o
[16] R o m e r o ,  D . P ., a n d  H e y d t ,  G. T . An adaptive excitation system controller in 
a stochastic environment. IEEE Transactions on power systems PW RS-1,  1 (1986), 
168-175.
[17] SiN G H,  S. N . Nonlinear state-variable-feedback excitation and governor control using 
decoupling theory. IEEE Proceedings 127  (1980), 131-141.
[18] U t k i n ,  V. I. Sliding modes and their applications in variable structure systems. Mir 
Publishers, Moscow, 1978.
[19] W i l s o n ,  W .  J ., R a i n a ,  V. M ., a n d  A n d e r s o n ,  J .  H. Nonlinear output feed­
back excitation controller design based on nonlinear optimal control and identification  
methods. IEEE Power engineering society summer meeting  (1976).
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
76
C h ap ter 6
A PPEN D IX
6.1 Single machine model
6.1.1 Synchronous M achine M odel
s = {wo/2H)[Tu, -
= ujQ{vf -  r j i j )
Vd = - i ’l
Vq = i ’d
i ’d - ^d^d "F ^ajif
=
i ’f = ^afid "F
Tu = i ’diq -  i>qid
Vt^ = +  v l ( 6 .1)
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6.1 .2  Transform er and Transm ission line m odel
Vd =  4- y  sin6
Vq =  Xtii +  U CCS (S (6.2)
6.1 .3  S ystem  D ata
H  =  3.82 xd =  1.75 Xq =  1.68 Xaf =  1.562
Xf =  1.665 Tf =  0.0012 xt =  0.3 kd =  0.006
V  =  1 Zj =  0.2846 /  =  60 ke =  25
Te =  0.04 Tg =  0.08 Tt =  0.3
(6.3)
6.2 M ulti machine m odel
6.2 .1  Synchronous M achine
n
MiSi +  diSi =  Pmi — ^  YijEiEj  sin(<5,j +  0,j) (6.4)
1=1
71
TdoiÉi =  Efdi  -  Ei  +  {xdi -  x'di) ^  Ej  cos(<5,j +  <9,y) (6.5)
1=1
6 .2 .2 E xcitation  S ystem
T e iÈ fd i  =  -T /d ,'  +  fce,'Ue,' (6 .6 )
6.2 .3  Turbine and Governor
T tiP m i =  - P m i  +  Pgi (6 .7 )
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TgiPgi =  -P g i  +  Ugi, Î =  1 ,2 ,3  (6.8)
where S{j =  6i -  6j and for the generator i
Pmi : mechanical power input
Mi : angular momentum constant
di : damping power coefficient
YijL [(tt/2) -  dij] : Post fault transfer admittance between zth and jth  generator
nodes (obtained after reduction of network retaining
only generaotor nodes)
EilSi  : internal voltage (6, is the rotor angle)
Efdi ■ Excitation voltage
T'jq- : d-axis transient open circuit time constant
Tti,Tgi,Tei : turbine, governor, exciter time constants
Ugi,Uei : governor, exciter, valve actuating signals
Pgi : governor output
Ui : perturbation in frequency (6,)
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